Plants boost the expression of pseudo-enzyme PDX1.2 under heat stress and during embryonic 2 development. PDX1.2 positively regulates vitamin B 6 production by hetero-association with its active 3 catalytic homologs such as PDX1.1 and PDX1.3. These heterologous interactions were found 4 challenging to understand. For instance, the crystals of PDX1.2-PDX1.3 heterocomplexes were found to 5 be statistically disordered and individual proteins could not be assigned. Using a combination of 6 biochemical and structural tools, we find that the key to this phenomenon is the nature of PDX1.2 hetero-7 assembly with its catalytic counterparts. Using a cell-free protein synthesis approach, we were able to set 8 up a precise control of co-expression where we systematically varied the ratios of co-produced proteins 9 by tuning the ratios of input DNA. These were further analyzed by Native Mass Spectrometry, which 10 elucidated that 6-8 hetero-complex species of dodecamers of variable stoichiometry are produced for each 11 co-expression condition tested. This is in contrast to previous hypothesis of stacked inter-hexamer 12 assembly mechanism. As proposed previously, our high-resolution Cryo-EM structure of pseudo-enzyme 13 PDX1.2 closely mimics the fold of PDX1.3 and maintains all necessary protein-protein interactions 14 between subunits. In PDX1.2, the altered catalytic site P1 appears perturbed in concordance with its lack 15 of activity, while the P2 site appears largely unchanged. The most surprising finding is that we observe a 16 complete switch in the surface electrostatics for PDX1.2. Based on the activity assays and its structure, 17 we hypothesize that the change in electrostatic would have a significant impact on the neighboring P2 site 18 of the PDX1.3 and influence the turnover efficiency at that site. These data suggest that pseudo-enzyme 19 PDX1.2 rather acts as an electrostatic tuning module, that, in combination with its hetero-assembly 20 mechanism based on random incorporation, imposes a perfect regulatory control of such important 21 process. 22 23 24
Introduction
25 26 3 Vitamin B 6 is a central metabolite for all organisms. It functions as a cofactor for over a hundred 27 enzymatic processes and also provides an important defense mechanism against oxidative stress 1-3 . 28 Current knowledge indicates that pyridoxal 5'-phosphate (PLP) is the main active vitamin B 6 in the cell. 29 Unlike bacteria, plants are able to synthesize PLP de novo via a very elegant and efficient mechanism 30 executed by just two proteins -PDX1 and PDX2 (Pyridoxine Biosynthesis 1 and 2) 1, 4 . These proteins 31 form a large complex with up to 24 subunits (12 of each). The core of this complex consists of PDX1 32 proteins, which are the key synthases that assemble into a dodecameric structure, composed of two st-33 acked hexamer rings 5 . This dodecamer serves as scaffold for binding additional 12 units of glutaminase 34 PDX2. However, the nature of PDX1/PDX2 association is rather transient, and the PDX1 dodecamer is 35 not always fully saturated with PDX2 6, 7 . Phosphorylated triose and pentose sugars in combination with 36 glutamine are used as substrates in the lysine-mediated production of PLP, which occurs within each 37 PDX1/PDX2 pair of the complex 5 . Interestingly, the synthase activity of PDX1 proteins can be PDX2- catalytically active enzymes while PDX1.2 was shown to be inactive 4 . Despite the lack of synthase 42 enzymatic activities for PDX1.2, studies showed that null mutants have an embryo lethal phenotype, and 43 its expression is upregulated by heat and oxidative stress [8] [9] [10] . The effect of PDX1.2 on embryo 44 development remains to be elucidated and is likely independent from the PLP production 1, 8 . However, 45 under stress conditions, the induced expression of PDX1.2 coincides with a boost in vitamin B 6 synthesis, 46 suggesting a positive regulatory role 9 . Previously, PDX1.2 was found to associate with its catalytic 47 PDX1.1 and PDX1.3 proteins in vivo and forms complexes of high molecular weight similar to its 48 catalytic homologs 11 . Furthermore, recombinant co-expression of PDX1.2 with either PDX1.1 or PDX1.3 49 showed that hetero-complexes are dodecameric in nature 9 . It was also determined that co-expression was 50 required for the formation of such structures, and these hetero-complexes can't be reconstituted when 51 proteins are individually expressed and then later combined. 52 4 It has been proven extremely challenging so far to work with these proteins. While the structure 53 of PDX1.3 was solved by X-ray crystallography 5 , PDX1.2 failed to crystallize on its own 12 . Current X-ray 54 data on the PDX1.2-PDX1.3 hetero-complexes do exist but suffer from statistical disorder, where the 55 individual contribution of the proteins cannot be dissected in such assembly 12 . Up to now, an 56 interhexamer assembly mechanism was proposed as the likely cause of interaction where one hexameric 57 ring of active PDX1.1 (or PDX1.3) stacks on top of a hexamer ring of inactive PDX1.2 to create a final 58 hetero-dodecameric state 9, 12 (Fig.1a ).
59
Thus, a new approach was needed to resolve the mechanism controlling mixed PDX1 complex 60 formation as well as the biological relevance of the interaction on PLP synthetase activity. Here, using an 61 integrated biochemical and structural approach combining cell-free protein synthesis technology, Native
62
Mass Spectrometry and Cryo-EM, we delve into the mechanism, stoichiometry and structure of these 63 hetero-interactions. 64 65 66
Results

68
Cell-free co-expression of PDX1.2 and PDX1.3 proteins results in heterocomplexes of 69 variable molecular weight. For protein production, we decided to employ cell-free protein expression 70 pipeline using wheat germ extract [13] [14] [15] for several reasons. First, this "open-format' cell-free platform 71 provides an opportunity for precise stoichiometry control of protein co-expression by varying the amounts 72 of corresponding DNA templates. Second, the wheat germ protein extract being plant based also provides 73 the closest translational environment for the production of these plant-derived proteins in terms of folding 74 and post-translational modifications.
75
We initially prepared two plasmids constructs, which were used as DNA templates for cell-free 76 protein synthesis of individual PDX1.2 and PDX1.3 proteins and co-expressed complexes. Both protein 77 constructs were designed to carry a 3XFLAG purification tag on their N-terminus ( Fig. S1 ). In the initial 78 5 set of cell-free translation experiments ( Fig. 1 ), we supplemented all the translation reactions with 79 fluorophore-labeled lysine-charged tRNA as recently described 15 . This procedure allows detection of 80 newly-synthetized proteins in the crude mixture with no need for purification. For co-expression, different 81 DNA template ratios (9:1, 3:1, 1:1, 1:3 and 1:9) were tested to establish that the molar ratio of expressed 82 proteins can be controlled in a precise fashion. For instance, by in-gel quantification, the co-expression 83 conditions 9:1, 3:1 and 1:1 correspond to protein product compositions of 3:1, 1:1 and 1:3 ( Fig.1b left) .
84
The same samples were also analyzed under native conditions ( Fig. 1b 
90
As we employed a different expression platform more reminiscent of native conditions in 91 comparison with the previous co-expression study in E. coli 9 , we also wanted to verify whether cell-free S2a, last lane). Thus, co-expression was confirmed to be a critical parameter in the PDX1 hetero-complex 98 formation, supporting the previous discoveries 9,12 . However, our overall findings do not support the 99 proposed interhexamer assembly mechanism where a defined single band would be expected. It appears 100 that PDX1.2 and PDX1.3 rather interact intramolecularly to form hetero-complexes of similar architecture 101 as homo-assemblies, but with variable stoichiometry.
102
The same experiments were conducted using PDX1.1 (instead of PDX1.3), and the same 103 pseudoezyme-enzyme assembly behavior was seen and suggests the same assembly mechanism for 104 6 PDX1.2 interaction with both PDX1.2 and PDX1.3 ( Fig.S2b ). Since PDX1.3 is the dominant homolog in 105 A. thaliana 16, 17 and was previously found to be more impacted by PDX1. As stated by the authors, the X-ray data were found to be ambiguous, 173 prohibiting the determination of assembly mechanism. In attempt to gain further understanding of such 174 intriguing system, we first employed single particle Cryo-EM to resolve the structure of PDX1.2. where the PDX1.2 homology model was then docked and real space refined ( Fig.S10 , Table S1 ). 
214
We also obtained a high-resolution Cryo-EM dataset for the co-complex 9:1 and referred herein 215 as PDXcoexp (Fig.S12 ). Well-defined two-ring fold seems visually identical to the PDX1.2 dodecamer.
216
Various heterogenous, non-uniform and local refinements did not sort out the potential subclasses, which 217 is not surprising due to the diversity of co-expressed species generated, the similarity of PDX1.2 and 218 PDX1.3 folds and the small size difference between their monomer molecular weights. As the result,
219
PDXcoexp particle dataset was processed as a single 3D class, and non-uniform refinement yielded the 220 final map. Both the PDX1.2 dodecamer or PDX1.3 dodecamer can be fitted independent with high 221 validation scores ( Fig. S13 , Table S1 ) similar to the results reported recently for X-ray structure 12 .
222
However, major structural differences across two proteins are defined by presence/absence of 
227
Based on the structural analysis of overall shape and the comparison of areas around the catalytic 228 sites between PDX1.2 and PDXcoexp, there is no obvious benefit in keeping such a defective homolog.
229
We did not find any additional interactions at the interfaces between subunits which might weaken or 230 strengthen the overall complex (Fig. S14 ). Then why would plants keep functionally inactive PDX1. 2 and   231   11 what is its impact? Hydrophobicity plots of PDX1.2 and PDX1.3 do not show any differences between 232 the positions of polar and hydrophobic residues (Fig. S15) . Interestingly, the most stunning differences 233 are observed when one compares the electrostatic surface potentials between the two (Fig. 3b ). The 
263
Our findings demonstrate that PDX1.2 co-assembly with its catalytic partner PDX1.3 is based on 264 random subunit incorporation at different locations, driven by the molar ratios of individual components 265 during co-expression conditions (Fig.5 ). The entire spectrum of all possible stoichiometry combinations 266 (from 12:0 to 0:12) has been recorded, suggesting the lack of any preferences for a specific arrangement.
267
This mechanism of assembly supports previously recorded statistical disorder and the inability of protein 268 assignment in the X-ray crystal for the co-expressed samples 12 
